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bstract
The main challenge in large sample neutron activation analysis (LSNAA) is the determination of neutron self-shielding and gamma
ay self-attenuation corrections. After these corrections are determined, the analysis proceeds as in normal neutron activation analysis
NAA), as if the sample were infinitely small. In this paper, these corrections are calculated using the MCNP code for different
tandard sample geometries with different diameters. Modelling studies for LSNAA using an external neutron beam were performed.
n analytical formula for the correction factors for neutron self-shielding and gamma ray self-attenuation is derived. The correction
actors as well as flux parameters are calculated analytically. The analytical formula is verified using the MCNP code. All of the
alculated parameters were tabulated and graphed. From the calculated data, other unknown material parameters could be obtained
ased on tabulated data or graphs. This method is a direct and easy method to perform large sample neutron activation analysis
ithout complex calculations. In addition, for the user who does not have good experience with codes such as MCNP, she/he can
se the chart or the tabulated information to define their unknown sample with the required information for the LSNAA experiment.
 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of Taibah University. This is an open access article under
he CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
ielding eywords: Large sample neutron activation analysis; Neutron self-sh
.  Introduction
All of the multielemental analysis methods (instru-
ental neutron activation analysis (INAA)) [1], and
nductively coupled plasma atomic emission spec-
rometry (ICP-AES), inductively coupled plasma mass
pectrometry (ICP-MS) [2], etc. involve studying a small
ortion of material (a few milligrams of solids or a∗ Corresponding author. Tel.: +20 1017048622.
E-mail address: Adel@satcoonline.com (A. Emam).
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658-3655 © 2015 The Authors. Production and hosting by Elsevier B.V. on 
C BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).corrections; Gamma ray self-attenuation corrections; NAA
few millilitres of liquids) (see Table 1). The current
trend is to use even smaller test samples, such as in
total reflection X-ray fluorescence (XRF) spectrometry,
solid-state atomic absorption spectrometry (AAS), and
laser-ablation ICP [3].
The obtained information in the case of XRF is from
the surface layers, which represent a few milligrams,
making the use of quantities larger than required to pre-
pare the target meaningless [4].
The limitation to the size of the sample is one of the
biggest problems facing the analyst when dealing with a
large sample. For example, soils, rocks, plant material,
etc. can be more easily and representatively sampled atbehalf of Taibah University. This is an open access article under the
quantities on the order of hundreds of grams to kilo-
grams than at quantities of less than 1 g because a sample
is considered as “representative” only if it can present
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Table 1
Sizes of the samples and analytical portions handled in several multielement analysis techniques [4].
Analysis technique Solid material mass used or prepared to test portion Volume used as test portion
Atomic absorption spectroscopy (AAS) gas furnace Typically 1–2 g dissolved; 10–20 L
Atomic absorption spectroscopy (AAS) flame Maximum approximately 10 g 1–2 mL
Inductively coupled plasma spectroscopy (ICP) Typically 1–2 g dissolved; maximum approximately 10 g Approximately 500 L
X-ray fluorescence spectroscopy (XRF) 10 g
roxima
is the irradiation duration (s).
Eq. (1) could be used in LSNAA as in Eq. (2) after
calculating the ratio ofInstrumental neutron activation analysis (INAA) Typically app
to 30 g
the average properties of the material, environment, or
population to which it belongs.
Representativeness is a priori preserved when (i) the
sampling is performed according to specific, certified
norms or when (ii) a truly homogeneous material is
sampled [4].
2.  Large  sample  neutron  activation  analysis
A few phenomena require more attention in large
sample neutron activation analysis (LSNAA) than in nor-
mal NAA (which uses samples varying from micrograms
to a maximum of 0.5 g) because these phenomena usually
have only an insignificant impact on the degree of accu-
racy of the results in normal NAAA [5]. In large samples,
e.g., of kilogram size, neutron absorption and scattering
result in substantial self-shielding, causing depression
of the neutron flux at the centre of the sample compared
to the periphery. Neutron self-thermalisation may cause
substantial changes in the neutron spectrum through-
out the sample if the sample material also contains, for
example, hydrogen.
Similarly, the gamma-radiation of the activation
products deep inside in the sample will be more
strongly absorbed and scattered before leaving the sam-
ple than the radiation resulting from, e.g., the surface
of the sample; moreover, the absorption and scatter-
ing increase rapidly at lower gamma-ray energies. This
effect is denoted as gamma-ray self-attenuation. Addi-
tionally, a sample of 1 kg cannot be considered as a
more-or-less “point source” during counting at normal
sample–detector distances of, e.g., 10–30 cm, resulting
in a corresponding different response of the detector for
the gamma-radiation.
Other methods for standardisation have been pro-
posed as well; these methods are primarily based on
a priori available information on the (gross) composi-
tion of the object, e.g., using Monte Carlo simulations
[6] or neutron transport codes [7] (“fixed point iteration
method”). Degenaar [8] developed a method in which no
a priori information is used and the neutron self-shieldingtely up to 500 mg; in some cases, up 1–50 mL
is estimated on the basis of the attenuation and scatter-
ing of the neutron beam measured outside the sample.
Baas developed a method for Neutron Activation Analy-
sis of Inhomogeneous Large Samples. In this method, he
considered the large sample as a large number of small
samples, and the same detector area is divided into small
portions to be in line with his assumed subsamples [9].
Other methods have also been proposed for Prompt
Gamma Neutron Activation Analysis (PGNAA) using
isotopic neutron sources, such as 252Cf or 241Am (Be)
[10] and Pu–Be [11]. PGNAA is used for analysing
large solid samples, including irregularly shaped mete-
orite samples [12,13]. Archaeological objects, such as
bronzes, were analysed by this method [14].
2.1.  Large  sample  neutron  activation  analysis
calculations
The basic measurement equation of NAA by which
the mass of the unknown element is calculated directly
demonstrates the fact that the technique does not set a
priori constraints on the mass of the sample analysed:
A0 =  ∅thσeff NAVθm
M
(1 −  e−λtir )e−λtd (1 −  e
−λtm )
λ
γε
(1)
where A0 is the area of the relevant peak in the gamma-
ray spectrum, ∅th is the thermal neutron fluence rate
(cm−2 s−1), σeff is the effective absorption cross sec-
tion (cm2), NAv is Avogadro’s number (mol−1), θ  is the
isotopic abundance. m  is the mass of the irradiated ele-
ment (g), M  is the atomic mass number (g mol−1), λ  is
the decay constant of the radioisotope formed (s−1), tir• The neutron self-shielding inside the sample,
• The gamma-ray self-attenuation inside the sample.
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Table 2
Analysed material.
Material Density ρ (g/cm3)
Inconel-600 8.43
Concrete, iron-Portland 5.0
St. steel 304 8.02
Steel, carbon 7.82
Water liquidate mixture 1.8
Water liquidate mixture 1.4
Concrete, ferro-phosphorus 4.8
Titanium dioxide 4.26
Water liquidate mixture 1.2
Water 1.0
Ferrous sulphate (standard Fricke) 1.024
Water liquidate mixture 0.9
Gallium arsenide 5.31
Masonite 1.3
Water liquidate mixture 0.7
Ordinary concrete 2.3
Ordinary concrete 2.0
Water liquidate mixture 0.5
Commercial enriched uranium 18.9
Depleted uranium 18.9
Natural uranium 18.9
Heavy sand mixture material 4.0
Natural lead 11.4
Heavy sand mixture material 3.5
Granite 2.729
Glass, lead 6.220
Heavy sand mixture material 3.0
Heavy sand mixture material 2.8
Heavy sand mixture material 2.6
Heavy sand mixture material 2.4
Heavy sand mixture material 2.2
Sand mixture material 2.0
Sand mixture material 1.9
Sand mixture material 1.7
Sand mixture material 1.5Fig. 1. Schematic for modelled samples.
0 =  ∅thσeff NAVθm
M
(1 −  e−λtir )e−λtd (1 −  e
−λtm )
λ
γεfn,γ
(2)
here fn,γ is the neutron and gamma attenuation factor.
There are many approaches for these calculations,
arying from pure theoretical modelling [5], Monte
arlo modelling [15], and modelling using a priori
vailable information about the test sample composi-
ion to actual empirical estimations of the correction
actors. Modelling may even be avoided when, e.g., for
outine applications, a representative well-characterised
large sample) standard or even a reference material is
vailable. These standardisation methods are further dis-
ussed below. The analyses are mainly focused on raw
aterial analysis.
The scope of this study involves calculating both
atios for neutron and gamma self-attenuation for a large
ample.
.2.  Neutron  self-shielding  calculation
In this study, MCNP5 Monte Carlo code modelling
as used for 3 different sample sizes for several materials
nd mixtures. Cylinders of 5-, 15-, and 20-cm diameter
nd a fixed 15-cm height are modelled [16]. Table 2
hows the different materials analysed. The material
omposition is as per [17].
A high intensity strength 1E+8 neutron beam was
sed as shown in Fig. 1. The effect of sample height
s not considered in this study. The modelled samples
re rotated and moved up and down during irradia-
ion/counting to reduce the effects of inhomogeneity.In this study, the ETRR-2 Radiography beam param-
ters are considered in our model [18], which could be
pplied in the future. Additionally, the beam parameters
ould be used for sample irradiation/counting to providesome information about the internal sample composition
and homogeneity, as shown in Fig. 2.
Two ratios were calculated for different sample diam-
eters and for the different materials: (1) the ratio between
the average flux over the sample to the inlet flux and (2)
the ratio between the outlet flux to the inlet flux. Those
two ratios are plotted in Figs. 3–5 for sample diameters
of 20 cm, 15 cm, and 5 cm, respectively.
Note that the relationships in the three figures are
nearly smooth, except for the sudden drop for three
points. These 3 points are for commercial enriched ura-
nium, depleted uranium, and natural uranium.
The reason for this drop is the high probability of
fission for these 3 materials, which means that two reac-
tions (n,f) and (n,γ), should be taken into account in this
case.
238 M.A. Abou Mandour et al. / Journal of Taibah University for Science 10 (2016) 235–241
Fig. 2. Schematic of the irradiation and tomography facility (vertical
cross-section).
Fig. 3. Relationship between the relative average flux and the relative
outlet flux for 20-cm samples.
Fig. 4. Relationship between the relative average flux and the relative
outlet flux for 15-cm samples.Fig. 5. Relationship between the relative average flux and the relative
outlet flux for 5-cm samples.
From the three figures, an unknown average thermal
flux over the unknown large samples could be ana-
lysed, and more information could be obtained about the
unknown large sample in comparison with our prepared
MCNP result tables and/or graphs.
The average removal macroscopic cross section
∑
r
for each material is calculated as a function of average
flux ratio to input flux, as given in Eq. (3) [16]:
Φav
Φin
= 1 −  e
−
∑
r
∗D
∑
r ∗  D
(3)
where Фav is the average normalised flux over a sample
(calculated by MCNP5). Фin is the input neutron flux
on the surface of a sample (known). D  is the sample
thickness/diameter (known). ∑r is tabulated for differ-
ent material samples for thermal neutrons of energy of
0.025 eV, as presented in Table 3 (calculated by MCNP5
and Eq. (3)).
2.3.  Gamma  and  neutron  self-attenuation
calculation
For samples with a very large diameter, the self-
attenuation for gamma radiation should be considered
after the irradiation. The sample is rotated and moved
up and down during the measurement in front of the
detector, as shown in Fig. 6.
The detector was calibrated with a point source
located at the same distance from the sample surface. A
lead shield with a 2-cm orifice is used. The orifice diam-
eter is approximately 1/10 of the sample diameter. The
sample is considered as a slab sample. The probability
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Table 3
0.025 eV
∑
r for different material samples (uncertainty ±0.5%).
Material density ρ (g/cm3)
∑
r/20 cm (cm−1)
∑
r/15 cm (cm−1)
∑
r/5 cm (cm−1)
Inconel-600, rho = 8.43 g/cc 0.7773 0.7969 0.8936
Concrete, iron-Portland, rho = 5.0 g/cc 0.4656 0.5091 0.7399
St. steel 304 0.5246 0.5462 0.5844
Steel, carbon, rho = 7.82 g/cc 0.5016 0.5251 0.5164
Water liquid mixture rho = 1.8 g/cc 0.3113 0.3571 0.6146
Water liquid mixture rho = 1.4 g/cc 0.3396 0.2967 0.6273
Concrete, ferro-phosphorus, rho = 4.80 g/cc 0.2806 0.3106 0.4793
Titanium dioxide density = 4.26E+00 g/cc 0.2509 0.3555 0.438
Water liquid mixture rho = 1.2 g/cc 0.2216 0.2671 0.4369
Water rho = 1.0 g/cc 0.2836 0.2379 0.4151
Ferrous sulphate (standard Fricke), rho = 1.024 g/cc 0.1931 0.2373 0.3907
Water liquid mixture rho = 0.9 g/cc 0.1926 0.2234 0.4151
Gallium arsenide, rho = 5.310 g/cc 0.1791 0.2973 0.3626
Masonite, rho = 1.30 g/cc 0.1619 0.206 0.4786
Water liquid mixture rho = 0.7 g/cc 0.1521 0.1945 0.3252
Ordinary concrete rho 2.3 g/cc 0.1412 0.1805 0.2979
Ordinary concrete rho 2.0 g/cc 0.1303 0.1679 0.2962
Water liquid mixture rho = 0.5 g/cc 0.126 0.1643 0.394
Commercial enriched uranium, rho = 18.90 g/cc 0.1434 0.2282 0.322
Depleted uranium, rho = 18.90 g/cc 0.1643 0.1886 0.3163
Natural uranium, rho = 18.90 g/cc 0.1307 0.1757 0.328
Heavy sand mixture material rho = 4.0 g/cc 0.0932 0.1205 0.1928
Natural lead rho = 11.4 g/cc 0.0906 0.1169 0.186
Heavy sand mixture material rho = 3.5 g/cc 0.0943 0.1122 0.1745
Granite, rho = 2.729 0.0874 0.1157 0.1699
Glass, lead, rho = 6.220 0.0907 0.1134 0.1674
Heavy sand mixture material rho = 3.0 g/cc 0.0811 0.1029 0.155
Heavy sand mixture material rho = 2.8 g/cc 0.0783 0.0989 0.1468
Heavy sand mixture material rho = 2.6 g/cc 0.0754 0.0946 0.1384
Heavy sand mixture material rho = 2.4 g/cc 0.0723 0.0902 0.1297
Heavy sand mixture material rho = 2.2 g/cc 0.069 0.0854 0.1209
Sand mixture material rho = 2.0 g/cc 0.0654 0.0804 0.1118
Sand mixture material rho = 1.9 g/cc 0.0632 0.0773 0.1073
Sand mixture material rho = 1.7 g/cc 0.0596 0.0722 0.0975
Sand mixture material rho = 1.5 g/cc 0.0552 0.0662 0.0876
Fig. 6. Schematic for the counting facility (vertical cross-section).
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Table 4
Calculated gamma/neutron correction factor.
Sample (nuclei of interest) Eγ (MeV) probability [19] Monte Carlo calculated
factor (±8E−05)
Analytical calculated factor Deviation%
H2O (H2) 2.223 4.26E−01 4.0783E−01 −4.303
SiO2 (Si) 1.78 8.21E−01 8.41E−01 2.466
SiO2 (Si) 3.53 4.07E−01 4.18E−01 2.654
HCl (Cl) 0.786 8.50E−02 8.81E−02 3.744
HCl (Cl) 0.788 1.25E−03
HCl (Cl) 1.952 4.90E−02
r
−μ)D
the large sample as a function of the gamma-rayFig. 7. Average gamma flux inside the rotating sample.
of non-escape for gamma radiation is calculated. An
element with δx  is selected, as shown in Fig. 7.
Each neutron of irradiation is assumed to induce a
(n,γ) reaction. The flux distribution inside the sample is
assumed to be exponential. As the sample rotates during
irradiation and counting, the gamma radiation will suf-
fer from self-attenuation inside the sample. The relative
number of absorbed to produced gamma (fn,γ ) will be
calculated [16]:
fn,γ =
∫ D
O
∑
a ∗  A  ∗  Φine−
∑
r
x ∗  (1 −  e−μ(D−x))dx
∫ D
O
∑
a ∗  A  ∗  Φine−
∑
r
x
dx
(4)
where
∑
a is the average gamma macroscopic absorption
cross-section. Фin is the neutron source intensity. A  is
the sample area. μ  is the average removal gamma cross
section. D  is the sample thickness/diameter.
By performing the integration in Eq. (4), the fraction
of self-absorbed gamma, or the correction factor fn,γ of
the counted gamma in the detector, is calculated as in
Eq. (5) [16]:
fn,γ = (1 −  e
−
∑
r
D
/
∑
r) +  (e−μD −  1/
∑
r −  μ){e−(
∑
(1 −  e−
∑
r
D
/
∑
r)v  ∈
where  is the peak branching ratio. Єis the detector
efficiency.
The derivation of Eq. (5) is found in Ref [16].
Eq. (5) verification was performed using the MCNP5
code. A standard sample with a thickness of 10 cm and 1.31E−03 4.667
 5.08E−02 3.556
−  1} (5)
with known percentages of impurities (single energy
peak is selected in our case study (H2O, HCl, SiO2))
as well as the High purity germanium detector with
cylindrical geometry were modelled [16]. The detector
efficiency was 100% for the HPGe detector. The dis-
tance between the sample and the lead shield orifice
was assumed to be 15 cm, and the distance between the
detector and the lead shield orifice was assumed to be
zero.
The Fm4 tally card was used to calculate the total
number of interactions for a certain material in the sam-
ple. The total number of interactions is assumed to be
the same as the number of gamma photons produced.
The total number of atoms of each material volume was
calculated, normalised in barns. The counted number of
photons in the detector for each material was calculated.
The error was found to be in the range of ±(4–7)% for
all elements studied.
The correction factor was calculated using MCNP and
was compared to the result of Eq. (5), as listed in Table 4.
2.4.  Proposed  procedure
For performing LSNAA on an unknown sample, each
sample was processed using the following procedure:
1. Measurement of the natural radioactivity in the large
sample at the position (xo, yo, zo) in front of the detec-
tor prior to irradiation. Correction for the background
must be applied.
2. Measurement of the linear attenuation coefficient ofenergy (using Eq. (3)). Correction must be performed
for gamma-rays emitted from the natural radioactivity
inside the large sample and from the background.
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. Measurement of the spectrum of the irradiated big
sample at the position (xo, yo, zo) in front of the same
detector, subtracting the photopeak areas resulting
from the natural radioactivity in the large sample (step
2) and from the background.
. Calculation of the neutron parameters, the inlet flux
Фin and the outlet inlet flux Фout, for the large sample,
from the external flux monitors, which were posi-
tioned around the sample during irradiation.
. Determination of the average flux (Фav/Фin) over the
sample from Figs. 3–5.
. Determination of
∑
r from Table 3 or our prepared
charts.
. Calculation of the correction factor for gamma using
the analytical formula of Eq. (5).
. Comparison of the measured and the calculated cor-
rection factors.
.  Conclusions
The neutron self-shielding correction factor is cal-
ulated using MCNP and is tabulated and graphed
o be used for unknown samples. The gamma-
ay self-attenuation correction factor is calculated
nalytically.
Both corrections can be used for the calculation of
ultielemental analysis for large samples. The above
ethodology is a direct and easy approach to perform
arge sample neutron activation analysis without com-
lex calculations. Additionally, the user who does not
ave experience with codes such as MCNP can use the
hart or the tabulated information to define the unknown
ample with the required information for her/his exper-
ments.
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